A replication-deficient, recombinant adenovirus encoding human aquaporin-1 (hAQP1), the archetypal water channel, was constructed. This virus, AdhAQP1, directed hAQP1 expression in several epithelial cell lines in vitro. In polarized MDCK cell monolayers, hAQP1 was localized in the apical and basolateral plasma membranes. Fluid movement across monolayers infected by AdhAQP1 in response to an osmotic gradient was Ϸ4-fold that seen with uninfected monolayers or monolayers infected by a control virus. When AdhAQP1 was administered to rat submandibular glands by retrograde ductal instillation, significant hAQP1 expression was observed by Western blot analysis in crude plasma membranes and by immunohistochemical staining in both acinar and ductal cells. Three or four months after exposure to a single radiation dose (17.5 or 21 Gy, respectively), AdhAQP1 administration to rat submandibular glands led to a two-to threefold increase in salivary secretion compared with secretion from glands administered a control virus. These results suggest that hAQP1 gene transfer may have potential as an unique approach for the treatment of postradiation salivary hypofunction.
Each year in the United States Ϸ40,000 new cases of head and neck cancer are diagnosed (1) . For most of these patients, ionizing radiation is a key component of therapy. However, such treatment often results in severe damage to the fluidsecreting portion (acinar cells) of the salivary glands that lie in the radiation field (2) (3) (4) (5) . Patients with reduced salivary secretion suffer from dysphagia, xerostomia, mucositis, dental caries, and frequent oropharyngeal infections. Their quality of life is significantly diminished. Despite recognition and study of these sequelae for most of this century, the mechanism of radiation-induced salivary hypofunction remains unclear, and no corrective treatment is currently available. The surviving salivary epithelial cells are predominantly ductal, considered to be salt absorptive, relatively water impermeable, and incapable of generating salivary fluid.
As a novel strategy to treat this condition, we have chosen to apply gene transfer technology to alter postradiation surviving ductal cell function. In a normal salivary gland, acinar cells secrete an isotonic ''primary'' fluid, from which considerable NaCl is resorbed during passage through the ductal system. Although currently very little is known about ion transport pathways in salivary ductal segments (6, 7) , at least four such components are considered to be present in ductal cell luminal membranes (6) . These are an epithelial Na ϩ channel (6, 8) ; a Cl Ϫ channel, likely the cystic fibrosis transmembrane conductance regulator (6, 9) ; a Na ϩ ͞H ϩ exchanger (6, 9) ; and a K ϩ ͞H ϩ exchanger (6, 10) . The first three components are believed to be important to NaCl resorption by ductal cells (6, 11) . The K ϩ ͞H ϩ exchanger, on the other hand, is thought to be responsible for the secretion of K ϩ and HCO 3 Ϫ , both of which are typically found well above serum levels in the final saliva (6, 10) .
In the absence of acinar cells, such as would occur after extensive therapeutic irradiation (2, 12) , no primary fluid would be generated and, thus, the Na ϩ channel, Cl Ϫ channel and Na ϩ ͞H ϩ exchanger would be practically inoperative. However, the luminal K ϩ ͞H ϩ exchanger could continue to function and, in the presence of CO 2 (HCO 3 Ϫ , H ϩ ), to secrete KHCO 3 . Accordingly, we have speculated that this K ϩ ͞H ϩ exchanger could contribute to the generation of an osmotic KHCO 3 gradient (luminal Ͼ interstitial), which would allow significant fluid movement into the lumen across ductal cells if a facilitated water permeability pathway, such as a water channel, was present. Currently, however, no known water channel has been identified in salivary intralobular and excretory duct membranes (13, 14) . Based on this rationale, we thought to introduce a facilitated water permeability pathway in salivary glands exposed to radiation via a recombinant adenovirus. Replication-deficient recombinant adenoviruses have been used for efficient gene transfer to mammalian epithelial cells in vitro and in vivo (15) (16) (17) (18) (19) . Aquaporins (AQPs) are a recently described family of water channel proteins (13, 20, 21 ). The prototype is AQP1, a 28-kDa protein first isolated from human red blood cells (22) (23) (24) . AQP1 is a constitutively activated water channel, which does not exhibit a polarized membrane distribution in most epithelia (13, 20, 21) . Furthermore, within salivary glands, AQP1 is only detected in venules and capillaries, but not in parenchymal cells (14, 25) .
In the present report, we describe the construction of a recombinant adenovirus encoding human AQP1 (hAQP1). We show that this virus can direct hAQP1 expression in vitro in several epithelial cell lines and in vivo in salivary gland parenchyma. When the virus is administered to rat salivary glands that have been irradiated and rendered either modestly or markedly hypofunctional, salivary flow rate is dramatically increased. Our findings suggest that hAQP1 gene transfer may provide a novel therapeutic approach for patients with postradiation salivary hypofunction. which was generously provided by C. Newgard (University of Texas Southwestern Medical Center, Dallas). To do this, PCR primers were designed to amplify the hAQP1 cDNA (Ϸ3 kb) and to add restriction sites for cloning. The sense primer was
, and contained a KpnI site and 19 nucleotides corresponding to the 5Ј untranslated sequence that was not present in the plasmid cDNA. The antisense primer was 5Ј-GCCGGGATCCGGAAACAGC-TATGACCATG-3Ј, and contained a BamHI site. PCR amplification was performed using the hAQP1 cDNA (22) as a template (1 min at 94ЊC, 1 min at 59ЊC, 2 min at 72ЊC, 35 cycles) and a GeneAmp PCR reagent kit (Perkin-Elmer). The PCRamplified hAQP1 cDNA was inserted at the KpnI and BamHI sites of pACCMV to yield the plasmid pCMVhAQP1. pCMVhAQP1 was then cotransfected with pJM17, which contains the adenovirus type 5 sequence, in 293 cells as described (26) to yield AdhAQP1. AdhAQP1 is a replication-deficient recombinant adenovirus encoding hAQP1 and including a cytomegalovirus promoter and simian virus 40 polyadenylylation site. This virus was subsequently plaque-purified, grown in large quantity, and purified by CsCl gradient centrifugation (26) . The titer of the virus, determined by limiting dilution plaque assay, was 4 ϫ 10 11 plaque-forming units (pfu)͞ml.
Northern and Western Blot Analyses. Oligonucleotide primers were designed to amplify Ϸ813 bp of the hAQP1 cDNA as a probe for Northern blot analyses. The primers used were as follows: sense, 5Ј-ATGGCCAGCGAAATCAAGAA-3Ј; antisense, 5Ј-CCTCTATTTGGGCTTCATCTC-3Ј. PCR amplification was performed as above using 20 pmol of primers with Bluescript II (SKϪ) containing the hAQP1 cDNA (22) as template. A band of Ϸ813 bp was obtained after agarose gel electrophoresis. The PCR product was purified on a Select-D, G-50 column (5Ј 3 3Ј). Northern blots were performed using poly(A) ϩ RNA essential as previously described (27) . Western blot analyses, using an affinity-purified antibody against hAQP1 (dilution 1:1000; ref. 14) , were performed on samples of cultured cell, or submandibular gland, membranes as previously reported (27, 28) .
Localization and Function of hAQP1 in MDCK Cells. The distribution of hAQP1 in MDCK cells (strain MDCK-c, a cyst-forming clone, a gift from J. Grantham, University of Kansas) was determined by confocal microscopy as previously described (27) , using the above affinity-purified antibody. Cells were grown to confluence on 24.5-mm Transwell-Col culture chambers (Costar). The secondary antibody used was a fluorescein isothiocyante-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch). Samples were examined in a Nikon Optiphot photomicroscope equipped with a Bio-Rad MRC-1000 laser scanning confocal imaging system (Bio-Rad), using a Krypton͞Argon laser as light source. The net fluid secretion across polarized MDCK cell monolayers was determined using a modification of the technique of Neufeld et al. (29) as reported earlier (27) . The apical fluid medium was replaced by a hyperosmotic medium (400 mosm), and fresh isosmotic medium was placed at the basal side. After 4 h, the liquid in the apical chamber was collected with a calibrated pipette, and net fluid movement (water flow) determined.
Immunohistochemical Detection and Localization of hAQP1 in Rat Submandibular Glands. hAQP1 localization in submandibular glands was determined by immunohistochemistry using the affinity-purified antibody to hAQP1 (dilution 1:100) and a Histostain SP kit (Zymed). Sections from paraffin-embedded submandibular glands were prepared from both irradiated (see below) and sham-irradiated glands, which had been infected with 5 ϫ 10 9 pfu of either Addl312 (a control, replication-deficient adenovirus that encodes no transgene, ref. 26) or AdhAQP1. Quantitation of the proportion of cells expressing hAQP1 in control and AdhAQP1-infected glands was achieved by counting immunopositive and total cells in 4-6 high-power fields using gland pairs from two or three animals and an optical grid. All cell counting was done by one examiner.
Rat Irradiation, Gene Transfer, and Saliva Collection and Analysis. Male Wistar rats (250-300 g) were irradiated with a single dose of either 17.5 or 21 Gy, with the ventral surface of their necks exposed to the source. Control animals were sham-irradiated, i.e. anesthetized and placed in the irradiator, but not exposed to ionizing radiation. After 3 months (17.5 Gy) or 4 months (21 Gy), all rats were subjected to in vivo adenoviral-mediated gene transfer (5 ϫ 10 9 pfu of either Addl312 or AdhAQP1) to the submandibular glands by retrograde ductal instillation (19, 30) . Animals received 1 mg of dexamethasone (i.m. injection) at the time of gene transfer and each day until saliva collection to suppress inflammation, due to adenoviral infection, and preserve salivary function (30) . Saliva was collected 3 days after this infection. The submandibular glands were again cannulated and saliva collected for 10 min after retrograde injection of 25 l of pilocarpine (5 mg͞ml), and for an additional 5 min after intramuscular injection of pilocarpine (5 mg͞kg). Saliva volumes were determined gravimetrically after the 15-min collection. Na ϩ and K ϩ concentrations in rat submandibular saliva samples were determined as previously described (31) .
RESULTS

AdhAQP1-Mediated hAQP1 Expression in Vitro.
AdhAQP1 was constructed by homologous recombination between pCMVhAQP1 and pJM17 plasmids, and its structure verified by restriction and sequence analyses. The ability of AdhAQP1 to direct the expression of hAQP1 was initially assessed in 293 cells (human kidney) in vitro by both Northern blot and Western blot analyses. Northern blot analysis showed no hAQP1 transcript present in uninfected 293 cells (data not shown) or in 293 cells infected for 24 h with an adenovirus expressing ␣-1 antitrypsin (Ad␣1AT; see ref. 15 ; Fig. 1A ). However, in AdhAQP1-infected 293 cells, abundant amounts of a hybridization-positive transcript of Ϸ3 kb were detected 24 h postinfection (Fig. 1 A) . This is the length of the transcript expected for hAQP1 (22) . Western blot analysis of AdhAQP1-infected 293 cells showed the presence of both the nonglycosylated (Ϸ28 kDa) and glycosylated (Ϸ35-45 kDa) forms of hAQP1 (Fig. 1B) (22, 23) . Additionally, we have observed that AdhAQP1 was able to drive hAQP1 expression in other epithelial cell lines, e.g. MDCK (derived from dog kidney) and SMIE (derived from rat submandibular) cells (Fig. 1C) .
Sorting and Function of hAQP1 in MDCK Cells After AdhAQP1 Infection. MDCK cells were used to study the sorting and function of the hAQP1 protein after AdhAQP1 infection. These cells are able to form polarized monolayers with distinct apical and basolateral membranes when grown on collagen-coated permeable filters (32) . Uninfected MDCK cells (not shown) and cells infected with Ad␣1AT ( Fig. 2A and  B) at a multiplicity of infection (MOI) of 100 showed no hAQP1 expression. Conversely, cells infected with AdhAQP1 exhibited hAQP1 immunolabeling at both the apical and basolateral membranes (Fig. 2 C and D) , similar to its distribution in vivo for several epithelial and endothelial cells (13, 20, 21) .
We used MDCK cells as an in vitro model to determine if the AdhAQP1-directed hAQP1 protein expression led to increased water permeability (27, 29) . The net movement of fluid across MDCK cells was measured in the presence of a transepithelial (apical Ͼ basal) osmotic gradient. After 4 h incubation, the net fluid movement across uninfected cells, or cells infected with Ad␣1AT, was similar, approximately 1 l͞cm 2 per h. However, in AdhAQP1-infected MDCK cells net fluid movement was increased Ϸ4-fold (Fig. 3) , demonstrating that the expressed hAQP1 was functional.
AdhAQP1-Mediated hAQP1 Expression in Vivo in Rat Submandibular Glands. To determine if AdhAQP1 infection could lead to hAQP1 expression in vivo, we administered AdhAQP1 to rat submandibular glands via retrograde ductal instillation. After 24 h we prepared membranes from these glands and from glands either infected with Addl312, or uninfected. Membranes from uninfected rat submandibular glands (data not shown) or glands infected with Addl312 showed evidence of some nonglycosylated and glycosylated forms of AQP1 (Fig. 4A) . This represents the endogenous rat AQP1, which is known to be present in blood vessels within the gland ( Fig. 5A; see ref. 14). After infection with AdhAQP1, AQP1 levels in membranes from whole glands were increased Ϸ5-fold as judged from Western blot analyses (Fig. 4 A) . We also obtained samples of control and AdhAQP1-infected glands for localization of hAQP1 in various gland cell types. In nonirradiated glands infected with Addl312, 2.1 Ϯ 0.5% (mean Ϯ SEM) of the cells were immunopositive for AQP1 (these represent endothelial cells in capillaries and venules; refs. 14, 25). Similarly, Addl312-infected, irradiated (17.5 Gy) glands showed low levels of cellular immunolabeling (1.6 Ϯ 0.3%). AdhAQP1-infected glands showed high AQP1 immunolabeling levels in both acinar and ductal cells (Fig. 5B) . In AdhAQP1-infected nonirradiated glands 15.0 Ϯ 3.6% of the cells were immunopositive; a significant increase above that seen in Addl312-infected glands (P Ͻ 0.05). In irradiated glands infected with AdhAQP1, the proportion of cells expressing AQP1 was significantly greater (33.6 Ϯ 1.34%; P Ͻ 0.05) Saliva Secretion from AdhAQP1-Infected Rat Submandibular Glands. We next determined if the expression of hAQP1 occurring subsequent to AdhAQP1 infection was associated with increased salivary fluid secretion. We first examined salivary secretion from rat submandibular glands that were either sham-irradiated or given a single exposure of 17.5 Gy. Three months postsham or actual irradiation, all animals were infected with either Addl312 or AdhAQP1. As shown in Fig.  4B , when compared with sham-irradiated rats, rats exposed to radiation and administered Addl312 exhibited a modest, Ϸ30%, but not statistically significant, reduction in saliva production. We next compared the effect of AdhAQP1 infection on salivary secretion in sham-irradiated and irradiated animals. AdhAQP1 had a modest, but not significant, effect on salivary secretion in the sham-irradiated animals. However, in the irradiated rats, AdhAQP1 infection resulted in a higher level of saliva production. Salivary secretion in these animals was Ϸ3-fold (P Ͻ 0.05) that observed from glands of irradiated animals infected with the control virus (Addl312).
Saliva also was collected from submandibular glands of an additional set of rats that were either sham-irradiated or given a single radiation dose of 21 Gy (Table 1) , a condition expected to result in greater salivary hypofunction. In this group of animals, infection with either Addl312 or AdhAQP1 was performed at 4 months postirradiation. Saliva secretion from the sham-irradiated and Addl312-infected glands was 36.6 Ϯ 6.8 l͞100 g. Salivary secretion from irradiated glands infected with Addl312 was significantly lower, by 64% (P Ͻ 0.05; 13.2 Ϯ 3.7 l͞100 g) than from the sham-irradiated group, consistent with greater salivary hypofunction. AdhAQP1 infection of sham-irradiated glands was without effect on salivary secretion (28.4 Ϯ 8.0 l͞100 g) compared with that seen with Addl312-infected glands (above). However, AdhAQP1-infection of irradiated glands resulted in a Ϸ2-fold increase in submandibular gland secretion (30.6 Ϯ 3.5 l͞100 g) compared with Addl312-infected glands (above; P Ͻ 0.05).
DISCUSSION
We have constructed a recombinant adenovirus, AdhAQP1, and shown that it mediated hAQP1 expression in membranes of epithelial cell lines from several species (human, dog, rat) in vitro. The recombinant hAQP1 protein exhibited several characteristics typical of native hAQP1 (13, 20, 21) : (i) the presence of nonglycosylated and glycosylated forms; (ii) a nonpolarized membrane distribution; and (iii) the ability to mediate the transepithelial movement of fluid. AdhAQP1 also Sham-irradiation 36.6 Ϯ 6.8 a (n ϭ 4) 28.4 Ϯ 8.0 c (n ϭ 6) 21 Gy irradiation 13.2 Ϯ 3.7 a,b,c (n ϭ 6) 30.6 Ϯ 3.5 b (n ϭ 9)
Animals were either sham-irradiated or their salivary glands were exposed to a single radiation dose of 21 Gy. Four months later, either a control virus (Addl312) or AdhAQP1 was administered via retrograde ductal instillation to the submandibular glands. Three days later saliva was collected from these glands. The numbers in parentheses represent the number of animals in each treatment group. Values are mean Ϯ SEM; values with the same superscript letter are significantly different, P Ͻ 0.05, by a Student's t test. mediated hAQP1 expression in rat submandibular gland membranes in vivo. Both acinar and ductal cell types were targets for the virus. This wide distribution is consistent with our earlier studies using an adenovirus encoding a reporter gene (␤-galactosidase) to evaluate infected cell populations (19) .
The impetus for this study was to test a novel strategy for increasing fluid secretion in human salivary glands exposed to ionizing radiation. As noted above, in humans, such radiation especially damages the primary fluid secreting acinar cells, whereas the ductal cells are much less affected. For patients this can result in a marked reduction of salivary flow (4, 5) . We used rat salivary glands, which are a convenient and often-used model to study secretory irradiation damage, to test this strategy. Although rat salivary glands are considered relatively more radioresistant than primate and human glands (2), at higher cumulative radiation doses and longer postradiation times rat salivary glands show similar morphological changes (loss of acinar cells) and marked secretory dysfunction (33) (34) (35) (36) . In the present study, three months after exposure to 17.5 Gy, rats exhibited a modest reduction (Ϸ30%) in salivary flow, but no striking morphological changes in their glands. Nonetheless, salivary secretion was markedly increased if the irradiated glands were infected with AdhAQP1 versus the control virus Addl312. When salivary glands were exposed to a higher radiation dose (21 Gy), and salivary secretion measured 4 months postirradiation, salivary flow rates were dramatically lower (64%), and the submandibular gland parenchyma exhibited clear morphological changes (data not shown). These results are consistent with previous observations, reflecting an experimental situation more like that observed in irradiated patients (e.g., refs. 12, 33, 35). Most importantly, administration of AdhAQP1 to these more severely affected rat salivary glands was able to enhance salivary secretion significantly, approaching levels seen with sham-irradiated glands infected with control virus (30.6 Ϯ 3.5 l͞100 g vs. 36.6 Ϯ 6.8 l͞100 g, respectively). Thus, the strategy suggested above for increasing fluid secretion from irradiated human salivary glands was able to increase fluid secretion from irradiated rat salivary glands.
At present the exact mechanism by which this increase in fluid secretion from irradiated rat salivary glands occurs is unknown. The hypothesis described above, i.e. fluid movement in response to a KHCO 3 -generated osmotic gradient, is speculative. We have, however, determined the [K ϩ ] and [Na ϩ ] in the saliva collected from irradiated submandibular glands infected with either Addl312 or AdhAQP1. Although this saliva reflects a mixture of fluid output from all parenchymal tissue present, some of which may be more severely affected by radiation than others, interestingly we found that [K ϩ ] in saliva from animals administered AdhAQP1 had Ͼ40% higher [K ϩ ], 99.1 Ϯ 7.4 mM, than the [K ϩ ] found in saliva of animals infected with Addl312 (69.6 Ϯ 10.6; P Ͻ 0.05). Conversely, no difference was observed in salivary [Na ϩ ] between these two groups (14.1 Ϯ 2.9 vs. 15.1 Ϯ 2.7 mM). While these results are generally in keeping with the above hypothesis, considerably more study is necessary to understand the mechanism for AdhAQP1-mediated increases in fluid secretion from irradiated glands. An additional, but unexpected, finding was that we observed that more (Ϸ2-fold) glandular parenchymal cells were transduced by AdhAQP1 in irradiated glands than in sham-irradiated glands. The reason for this difference is not known, but it was a consistent finding in all animals examined and likely contributed to the increased saliva secretion measured.
There are two current, significant, and presently inescapable limitations to fully understanding the results presented here. First, relatively little is known about the physiology of salivary ductal cells, and what is known represents a mixture of findings from different ductal segments (intralobular; main excretory; refs. 6-10). Second, the exact nature of radiation damage to salivary glands (human and rodent) is not clear and, indeed, is considered enigmatic (3, (36) (37) (38) (39) (40) . Obviously, designing a specific molecular approach to alter ductal cell function requires detailed knowledge of the molecules functioning normally and pathologically, a situation presently impossible to realize. What is clear, however, is that AQP1 gene transfer to both modestly affected and significantly dysfunctional, irradiated rat submandibular glands leads to enhanced salivary secretion from these glands. These findings, obtained with two separately irradiated and treated cohorts of animals, strongly support the possibility of using gene therapy to correct the defects in salivary glands that occur subsequent to therapeutic irradiation. This approach may have the potential to improve salivary function and relieve the considerable morbidity experienced by patients.
